In ago-pastoral systems of the semi-arid West African Sahel, targeted applications of ruminant manure to the cropland is a widespread practice to maintain soil productivity. However, studies exploring the decomposition and mineralisation processes of manure under farmers' conditions are scarce. The present research in south-west Niger was undertaken to examine the role of micro-organisms and meso-fauna on in situ release rates of nitrogen (N), phosphorus (P) and potassium (K) from cattle and sheep-goat manure collected from village corrals during the rainy season. The results show that (1) macro-organisms played a dominant role in the initial phase of manure decomposition; (2) manure decomposition was faster on crusted than on sandy soils; (3) throughout the study N and P release rates closely followed the dry matter decomposition; (4) during the first 6 weeks after application the K concentration in the manure declined much faster than N or P. At the applied dry matter rate of 18.8 Mg ha −1 , the quantities of N, P and K released from the manure during the rainy season were up to 10-fold larger than the annual nutrient uptake of pearl millet (Pennisetum glaucum L.), the dominant crop in the traditional agro-pastoral systems. The results indicate considerable nutrient losses with the scarce but heavy rainfalls which could be alleviated by smaller rates of manure application. Those, however, would require a more labour intensive system of corralling or manure distribution.
Introduction
In the West African Sahel, bush fallow systems have traditionally helped to restore the productivity of repeatedly cropped acid sandy soils. Fallow periods between 10 and 30 years allowed (1) the enrichment of the topsoil with mineral nutrients and organic carbon by diazotrophic N 2 -fixation from the herbaceous layer or shrubs in the order 5-10 kg N ha −1 per year, and the decay products of between 400 and 500 kg ha −1 per year of leaf, twig and fruit products of woody plants (Hiernaux, 1983; Krul et al., 1982) ; (2) the transfer of minerals from deeper soil layers and their recycling with falling leaves; (3) the capture of bird droppings estimated at up to 40 kg DM ha −1 per year containing 2.2 kg N, 0.4 kg P and 0.7 kg K (Soumaré, 1995) , and (4) the deposition of substantial amounts of base-rich 'Harmattan' dust from the Sahara reported to contribute up to 3 kg N ha −1 , 1 kg P ha −1 and 15 kg K ha −1 per year (Herrmann et al., 1994) . However, the expansion of cropland due to population growth has led to the reduction of fallow periods to often less than 4 years or their complete disappearance (Berger, 1996) . As a consequence of farmers' low cash income and poor terms of trade for millet (Pennisetum glaucum L.), the dominant crop of the rainfed agricultural system, the use of mineral fertilisers in the Sahel is stagnating (van Reuler and Prins, 1993) . Given this, the need to intensify and optimise the use of animal manure and crop residues as soil fertility amendments has become crucial to the sustained productivity of Sahelian farming systems.
Under farmers' conditions, increases of millet grain yield per tonne dry matter of applied manure vary from 15 to 86 kg (McIntire et al., 1992) . While it is evident that manure application does not add nutrients to the agro-pastoral system as a whole, but merely is a means to transfer minerals and organic carbon at different scales Buerkert and Hiernaux, 1998) , the high demand for manure by millet farmers is reflected in elaborate agreements with pastoral herders who exchange manure for grain and grazing rights on harvested millet fields. The strong decrease in the ratio of grazing land to cropping land in most of Africa stimulated research to optimise farmers' traditional manure application strategies by decreasing unproductive losses (Murwira et al., 1995; Brouwer and Powell, 1998) . In the Sahel, manure rates of over 10 Mg ha −1 per year have been reported for the typical confined areas (corrals) of 10-20 m in diameter close to farmers' homesteads in the cropland, whereas application rates in uncorraled manured fields average 1.5 Mg ha −1 (Powell and Williams, 1993) . Given the low buffering capacities of the predominantly acid sandy soils, this uneven distribution of manure contributes to a marked pattern of variability in crop growth short distances (microvariability) often described as characteristic for the Sahel (Brouwer et al., 1993; Buerkert et al., 1996) . That manure application at high rates can lead to considerable leaching losses of nutrients on sandy soils has been concluded by Brouwer and Powell (1995) from a trial under controlled conditions. Given the range of rainfall intensities and termite activities in Sudano-Sahelian West Africa, more on-farm studies are needed to determine the pattern of manure decomposition and nutrient release as a function of edaphic and biotic factors. The objective of this study, therefore, was to investigate the role of micro-and macro-organisms in the decomposition of manure from cattle and small ruminants (sheep and goats) throughout the rainy season, and to measure release rates of N, P and K for both manure types.
Materials and methods

Site description and experimental layout
The experiment was conducted at Chikal (3 • 26 E, 14 • 14 N), a village 170 km north of Niamey, the capital of Niger, on fields in a palaeo valley called 'Dallol Bosso' with alluvial Arenosols (Projet Tapis Vert, 1977) . With an average annual rainfall of 350 mm, Chikal is climatically at the northern border of the 'Southern Sahelian Zone' which is characterised by a 9-month dry season from September to May, and a 3-month rainy season lasting from June to August. The long-term (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) ) mean annual temperature is 30 • C.
Four farmer-fields were chosen as trial sites based on differences in their topographic position and the quantity of active mounds of harvester-type macrotermitidae. These termites are able to carry bits of organic material larger then themselves to their often distant and partly underground nests. Two sites were in the valley bottom ('Dallol'; D1 and D2) on loose sandy soils with low presence of termite mounds, and two sites were at the eroded bottom of the lateral hills ('Glacis'; G1 and G2) on soils with a slope of about 1%, a surface crust of between 10 and 20 mm thickness and a higher apparent presence of termites.
Animal manure mixed with minor amounts of bedding and feed refusals from different cattle and sheep-goat corrals in the village was collected in May 1997, mixed within faeces type and dried in the sun. At the onset of the rainy season (2-4 June) the dry manure was placed in metallic cages with 4 mm mesh on the soil surface permitting easy access of meso-fauna such as termites, beatles or arthropods. To study decomposition processes without meso-fauna but with bacteria, protozoa and nematodes, transparent nylon bags with 100 m mesh were used. Manure quantities were 75 g dry weight (at 55 • C) for a container Fig. 1 . Experimental layout of an experimental block in each of the four farmer-fields at Chikal, south-west Niger, 1997. Note that each block contains two replicates of each treatment (statistically considered as subsamples) to account for short distance variation in manure decomposition. Numbers from 1 to 5 indicate the respective collection periods of 3, 6, 10, 13 and 17 weeks after manure application. surface of 0.4 m 2 equivalent to an application rate of 18.8 Mg ha −1 . This manure load may appear high but it is still below the maximum of 30 Mg ha −1 found in farmers' fields by Powell et al. (1996) . The 20 treatments in each of the three blocks per field comprised factorial combinations of: (1) two types of manure (that is, manure of cattle and manure of sheep-goat); (2) two types of container with or without access of meso-fauna (that is, metallic cage or nylon bag); and (3) five dates of sample collection at 3, 6, 10, 13 and 17 weeks after manure application. To account for termite-induced short distance spatial variability in decomposition rates, the 20 treatment units were laid out twice in each block in rows of 2 m distance ( Fig. 1 ).
Data collection and analysis
Upon sample collection, the remaining quantity of manure was cleaned with a brush to remove loosely adhering soil particles. At all sites, manure samples were oven-dried to constant weight at 55 • C to determine total dry matter. Initial and all subsequent manure samples were ground to 2 mm to analyse N by colorimetry, P by colorimetry with ascorbic acid and K by flame emission spectrophotometry (Walinga et al., 1995) . Subsamples were dry-ashed in an oven for 5 h at 500 • , therefore all results are based on organic matter. To limit the number of chemical analyses, only samples from the G2 site were analysed separately for all dates, manure and container types in each of the three blocks. The samples from each of the three other sites were analysed separately for dates, manure and container types but averaged across blocks. Manure disappearance was calculated as the difference between initial manure weight (organic matter basis) and manure weight at the respective date. The same procedure was used to determine nutrient release. All dry matter data were subjected to analysis of variance using GENSTAT ® 5 Release 3.2 (Lawes Agricultural Trust, 1993) and at each site treatment means were plotted to derive curves of organic matter disappearance and nutrient release. Time-related changes in nutrient concentrations were plotted with their respective standard errors of the mean. Disappearance of manure organic matter was expressed as a percentage of the initial rate applied. Nutrient concentrations in similar datasets were not normally distributed, but F-values of log-transformed data did not significantly differ from those of untransformed data . For improved readability all data in this study are reported untransformed with the understanding that the respective F-probabilities are only approximate.
Results and discussion
Manure disappearance
Container type and surface soil characteristics had large, however, only partly statistically significant, Table 1 Organic matter disappearance of cattle and sheep-goat manure surface applied at a rate of 18.8 t ha −1 and respective release of nitrogen (N), phosphorus (P) and potassium (K) after 17 weeks with (cages) and without (bags) access of meso-fauna at two sites with a crusted (G1 and G2) and two sites with a loose (D1 and D2) Fig. 2 ). With meso-fauna (in cages) and averaged across both types of manure, on the crusted 'Glacis' soils with large termite presence as evidenced by a larger number of mounts per area compared to 'Dallol' soils, 75% of the applied manure disappeared during the first 10 weeks after application. This compares to a disappearance rate of only 28% on the loose 'Dallol' soils. Without meso-fauna (in nylon bags) manure decomposition at 10 weeks was much lower being 38% on 'Glacis' soils and 16% on 'Dallol' soils. These differences remained unchanged throughout the rest of the study period and demonstrated the important role of meso-fauna in the decomposition process in this environment. The higher termite activity on the crusted 'Glacis' sites may be linked to the heavier texture of their more wind-and water-eroded surface soil compared to the lighter textured soil surfaces of the 'Dallol' sites, although no analysis of particle size distribution such as reported by Buerkert et al. (2000) for mulched and unmulched surface soils in the same area was performed to verify texture differences in this study. Boyer (1975) and Bachelier (1978) observed that a critical level of 100 g kg −1 clay and silt content was necessary for successful establishment of termite mounds, but only further research into the hydraulic properties of both soil types could clarify to what degree, e.g., differences in water retention may also be contributing to differences in termite activity on both soil types. It has been shown by Mando et al. (1996) that an increase in termite activity can lead to large changes in the physical conditions affecting crop growth on Sudano-Sahelian soils by increasing water infiltration, moisture storage and aggregate stability. The application of organic materials, such as manure or crop residues to crusted topsoils, is thus an effective but labour intensive method of soil reclamation and rehabilitation, which as such is also widely practised by local farmers on the generally untilled soils of the Northern Sahel (Feil and Lamers, 1996) . There were no significant differences in disappearance rates between the two types of manure regardless of container or soil type. This is in contrast to results by Powell et al. (1998) obtained at a site further south in Niger with 560 mm average annual rainfall. With termite access they reported a complete disintegration and disappearance of cattle manure within less than 3 months compared to a 13.8% recovery of sheep dung after 12 months.
The consistent decline of the manure decomposition rate after the 10th week of application (Fig. 2) could reflect a relative increase of components more difficult to mineralise, such as lignin and polyphenols. The large variations in manure disappearance over time, particularly in cages after the 10th week on crusted soils, likely reflected site-specific differences in termite attack combined with the effects of the limited number of replicates within the experiment. In this context, it has to be noted that the disappearance of manure from the cages or the bags does not necessarily mean that there was a complete mineralisation of the removed fraction and a subsequent availability of the therein-contained nutrients to plants. Also heavy rainfall could have contributed to the removal of manure from the cages.
Nutrient concentrations in the manure and nutrient release
With 12 g kg −1 N in cattle and 15 g kg −1 N in sheep-goat manure, initial N concentrations in both manure types were lower than the 20 and 23 g kg −1 , respectively, reported by Brouwer and Powell (1998) . These differences likely reflect the fact that the manure collected in this study came from traditional village corrals where it had been mixed with feed refusals and left in the sun unprotected against ammonia volatilisation, whereas the faeces of Brouwer and Powell (1998) were mixed with urine right at the trial site. Initial N concentrations were higher in sheep-goat manure than in cattle manure which confirms findings of Brouwer and Powell (1998) , Landais and Lhoste (1993) and Schleich (1986) , but there were only minor differences between manure types for P and K concentrations (Fig. 3) . Phosphorus concentrations of 2 g kg −1 and K concentrations of 9 g kg −1 for cattle and 8 g kg −1 for sheep-goat manure were similar to those reported by Landais and Lhoste (1993) and Schleich (1986) . Under on-farm conditions, the observed differences in N concentrations between manure types may be due to differences in the feed and Fig. 3 . Average decline of nitrogen (N), phosphorus (P) and potassium (K) concentration in cattle and sheep-goat manure during the first 17 weeks after manure application at the onset of the rainy season at four sites in Chikal, south-west Niger. Wherever larger than the symbol, vertical bars represent ±1 S.E. of the mean. specific physiological characteristics of both ruminant species. Schlecht et al. (1997) showed that faecal N concentrations were significantly higher for small ruminants than for cattle when fed with green forage, whereas concentrations were similar for both types of ruminants with straw feeding. Given their higher ability for fodder selection, the freely grazing sheep and goats of the Chikal herds may have had better access to fresh browse leaves with higher N concentrations on naturally occurring bushes and small trees in the Savannah landscape than cattle. While concentrations of N and P in the manure did not significantly change over the entire 17-week decomposition period, K concentrations in both manure types rapidly dropped during the first 6 weeks and stabilised thereafter (Fig. 3) . Consequently, N and P liberation mirrored dry matter disappearance, whereas K release was much larger in the first weeks after manure application likely reflecting the higher water solubility of this nutrient compared to N and P (Fig. 3) . After 17 weeks, liberation of N, P and K with meso-fauna was with 198 kg N ha −1 1.9 times, with 32 kg P ha −1 1.9 times and with 141 kg K ha −1 1.3 times higher on crusted soils than on sandy soils. Similar differences, although at lower absolute levels, were derived from the nylon bag data without the access of meso-fauna (Table 1 ; Fig. 4) . Irrespective of container type and at equal application rate, sheep-goat manure released Fig. 4 . Cumulative release of nitrogen (N), phosphorus (P) and potassium (K) over 17 weeks at four sites ('Glacis' sites G1 and G2 had crusted, 'Dallol' sites D1 and D2 loose sandy topsoils) for cattle and sheep-goat manure placed at the onset of the rainy season 1997 in metallic cages or nylon bags at Chikal, south-west Niger.
larger quantities of N and K than cattle manure but release of P was similar (Table 1) .
Overall the quantities of nutrients released during the 17 weeks of this study were much larger than the nutrient demand of landrace millet under farmers' moisture-induced low plant densities between 3000 and 5000 hills ha −1 . With these densities total crop nutrient uptake may reach between 21 kg N ha −1 , 1.7 kg P ha −1 and 35 kg K ha −1 at 300 kg grain and 1700 kg straw and 28 kg N ha −1 , 2.3 kg P ha −1 and 37 kg K ha −1 at 500 kg grain and 2300 kg straw (Buerkert, unpublished data) . This oversupply of nutrients to sandy soils may still be temporarily exacerbated by the slow shoot development and nutrient uptake of millet seedlings during the first 6 weeks of growth (Hafner et al., 1993) and likely causes considerable N losses by leaching below the rooting zone of millet with high intensity rainfalls. However, this risk is evidently smaller in the 350 mm rainfall zone at Chikal than with 560 mm at Sadoré from which Brouwer and Powell (1995) reported leaching losses of up to 91 kg N ha −1 and 19 kg P ha −1 most likely transferred as organic P within 12 months after the application of 10 Mg ha −1 manure plus urine. In drought prone areas such as Chikal, lateral removal of nutrients by surface runoff or wind erosion, particularly on 'Glacis' sites with a crusted topsoil and poor plant growth seem more severe, even if it may at the watershed level merely lead to a transfer of nutrients to nearby deposition sites (Buerkert and Hiernaux, 1998) . Moreover, at least in the short run, considerable amounts of mineral nutrients that had disappeared from applied manure may have been sequestered in the termite mounts themselves and will only be released once the mounts are destroyed or abandoned.
Conclusions
Under the conditions of low rainfall and high termite activity at this Sahelian site most of the manure disappearance during the rainy season occurred very quickly (Fig. 2) . Despite large nutrient losses due to high manure loads on selected spots of croplands, labour constraints and erratic availability of nomadic livestock may make it difficult for farmers to replace the current practice of prolonged corralling of animals on the same spot by more widespread applications of manure to their fields. This is not valid, though, for the manual spread of manure from permanent village corrals, which is to maximise nutrient uptake by plants, should be applied only about 4 weeks after sowing. Annual manure application at rates of 2-3 Mg ha −1 rather than large 'once-in-10-year applications' could in principle help to reduce nutrient losses at the field level. Manure application is an effective yield enhancing method to recycle nutrients from crop residues over short distances in the field or to transfer nutrients from rangeland to cropland. As such it certainly merits further research to quantify climate-and soil-related differences in nutrient release and uptake by crops. However, even if the most labour intensive techniques were used to make nutrient release from manure fit plant needs, this could not offset the large negative nutrient balances at the watershed scale estimated at 15 kg N ha −1 per year, 2 kg P ha −1 per year and 15 kg P ha −1 per year (Buerkert and Hiernaux, 1998) which call for supplementary applications of mineral fertilisers.
